A series of cationic complexes [Rh(diene){Ph 2 P(CH 2 ) n Z}] [BF 4 ] (diene = 1,5-cyclooctadiene (cod), tetrafluorobenzobarralene (tfb) or 2,5-norbonadiene (nbd)) containing functionalized phosphine ligands of the type Ph 2 P(CH 2 ) n Z (n = 2, or 3; Z = OMe, NMe 2 , SMe) have been prepared and characterized. These complexes have shown a great catalytic activity for phenylacetylene (PA) polymerization. Catalyst screening and optimization have determined the superior performance of complexes containing a P,N-functionalyzed phosphine ligand, [Rh(diene){Ph 2 P(CH 2 ) 3 NMe 2 }]
Introduction
Organic polymers displaying electrical conducting properties constitute an interesting class of materials for technological applications. 1 Transition metal-mediated polymerization of acetylene derivatives generates polyenes with π-conjugated backbones. The best known member within this family, polyacetylene, has been widely investigated because of its satisfactory conducting properties, though these materials are unstable in air and show low solubility in common solvents.
In contrast, polymers based on substituted acetylenes are stable in air but display low conducting values as a consequence of the deviation from a planar structure induced by the substituents that decrease the π electron delocalization. The chemical and physical properties of polyphenylacetylene (PPA) are intermediate between those of polyacetylene and other substituted polyacetylenes. PPA is soluble in common organic solvents, is stable in air and displays semiconductor properties. The conductivity strongly depends on the cis/trans content of the polymer; the conductivity of the polymer with a trans configuration is about ten orders of magnitude higher than the polymer with a cis configuration. 2 In addition to electrical conductivity, other physical properties such as photoconductivity, optical nonlinearity, liquid crystallinity, gas-selective permeability, or magnetic susceptibility could also be of special importance in such materials.
3
Several well-established transition-metal based catalyst for the polymerization of substituted acetylenes have been developed, as for example, Ziegler-type catalysts, 4 two-component metathesis polymerization catalysts 5 or well-defined transition metal Schrock-type carbene complexes. 6 Although there are several initiators that induce stereospecific living polymerization of polyacetylenes, 7 in general, the reactions are not stereoselective and give mixture of cis and trans polymers. 8 The reactivity of rhodium(I) complexes towards aromatic substituted acetylenes includes dimerization, cyclization and oligomerization, depending both on the structure of the acetylene and the reaction conditions. 9 Noteworthy, rhodium catalysts are also efficient for the polymerization of monosubstituted acetylenes with formation of highly stereoregular polymers, in some cases in a living manner. 10 Jiménez, Pérez-Torrente, Bartolomé, Vispe, Lahoz and Oro, manuscript for Macromolecules 4 The pioneering work reported by Furlani 11 showed that cationic rhodium(I) complexes [Rh(cod)(N-N)] + (N-N = bipy, phen), in the presence of a strong base, such as NaOH, were efficient catalysts for the polymerization of phenylacetylene (PA 18, 19 We have recently become interested in the design of hemilabile ligands for transition metal catalytic applications. 20 The most important property of hemilabile ligands is the reversible protection of one or more coordination sites. In this context, functionalized phosphines have been intensively studied as hemilabile ligands for soft metal centers because of their ability for providing easily accessible coordination vacancies through a potentially dynamic 'on-and-off' chelating effect for the metal center.
21,22
Heteroditopic ligands of hemilabile character that combine strong electron donors and weak donor functions linked by a flexible backbone, as for example Ph 2 P(CH 2 ) n Z (Z = OR, NR 2 , SR), 23 should allow a dynamic interaction with the metal center, and/or stabilization of polar intermediates in catalytic applications, exerting some directing effect. We have discovered that cationic rhodium(I) complexes containing these hemilabile phosphine ligands, [Rh(diene){Ph 2 P(CH 2 ) n Z}] + , are efficient catalysts precursors for the stereoregular polymerization of substituted PAs.
Remarkably high number-average molecular weight stereoregular polyphenylacetylenes of up to 1 750 000 have been obtained and an active role of the hemilabile ligand in the generation of intermediate alkynyl species has been identified by spectroscopic means under stoichiometric and catalytic conditions. We report herein the effect of the donor ability of the hemilabile fragment Jiménez, Pérez-Torrente, Bartolomé, Vispe, Lahoz and Oro, manuscript for Macromolecules
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(-OMe, -NMe 2 or -SMe), the length of the flexible carbon chain (n) and the nature of the diene ligand on the PA polymerization activity and PPA properties. 
Results

Synthesis of Cationic
Chart 1
The Ag Cl n S = Me 2 CO or THF
Scheme 1
The crystal structures of complexes 5 and 6 have been determined by X-ray diffraction methods and confirm the proposed ligand arrangement. The molecular structures of these compounds are shown in Figures 1 and 2 . The most remarkable molecular parameter differentiating both molecules involves the Rh-N bond distance, 2.262(3) in 5 vs. 2.190(4) Å in 6. Most likely, the electron withdrawing character of the tfb diene, compared to that of cod, reinforces the σ-bonding Rh-N interaction in 6; associated to this modification there is also a significant shortening of the Rh-C bond distances trans to the amino nitrogen (1.988(4) (6) vs. 2.021(2) Å (5)). Both 6-membered metallacycles, Rh-P-C(1)- THF displayed a bimodal molecular weight distribution. In sharp contrast, catalyst 5 gave a bimodal profile in wet toluene but, interestingly, a high molecular weight PPA, M n = 160 000 with M w /M n of 1.62, was attained in THF. In sharp contrast, catalyst 5 gave a bimodal profile in wet toluene but, interestingly, a high molecular weight PPA, M n = 160 000 with M w /M n of 1.62, was attained in THF. The polymerization in other polar solvents such as diethyl ether, acetone or methanol, was slower and also afforded PPA with a unimodal GPC profile but with much lower molecular weights (M n = 25 000-33 000) and wide molecular weight distribution (M w /M n > 2.4) (see Supporting Information). Thus, the best catalytic performance of 5, both in terms of activity and PPA properties, was achieved in THF where the polymerization proceeds homogeneously. The high M n of the polymer achieved with catalyst 5 and the moderate polydispersity ratio suggest that the rate of chain-growth is faster than the initiation and termination steps, which is compatible with the low initiation efficiency, IE = 6%.
24
The formation of PPA with a bimodal molecular weight distribution was evident, in some cases, in the form of a low or high MW shoulder on the side of the main distribution. The interpretation of the bimodality seen is complicated by the time-and solvent-dependent conformational or aggregational behavior of high cis-PPA in solution 25 during either polymer synthesis or possibly subsequent SEC analysis. 26 While it is tempting to interpret the bimodality observed to e.g. different catalyst species propagating independently, an equally valid interpretation involves different physical states for the polymer chain (e.g. extended vs. random coil, soluble vs.
suspended) during growth with slow interconversion relative to propagation. Our data do not allow one to distinguish between these possibilities. Thus, a steady improvement on the activity was observed when increasing the π-acidity of the diene ligand in full agreement with the results reported by Masuda et al. 27 However, the monitoring of the time-conversion curves showed that catalyst 7 (nbd) exhibited a superior performance with time than 6 (tfb) with times for a conversion >95% of 22 and 45 min, respectively. Interestingly, the PPA obtained with catalysts 6 (tfb) and 7 (nbd) displayed an outstandingly high numberaverage molecular weights (M n ) of 970 000 (IE = 1%) and (IE = 0.7%) 1 420 000 (Figure 3 ), respectively, with moderate polydispersity indexes (M w /M n ) of 1.70 and 1.53, respectively. Thus, catalyst 7 (nbd) provided the PPA with the highest M n and narrowest molecular weight distribution.
The weight-average molecular weight (M w = 2 170 000) is, to the best of our knowledge, one of the largest ever reported using rhodium catalysts. 
Effect of Base (DMAP).
Noyori et al. 16 produces stereoregular polymers with a head-to-tail cis-transoidal main chain structure.
11-19
The PPA polymers obtained with catalysts 1-7 were isolated as soluble yellow-orange solids with a plastic-like appearance. The sharp signal at δ 5.82 ppm (vinyl protons) in the 1 H NMR spectra ( Figure 8a ) and the set of six signals observed in the 13 indicative of a high stereoregular sequence in the polymers. 29 In fact, the cis-content of the polymers determined by NMR was quantified to be superior to 99%. 30 The thermal properties of the polymers have been studied by thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC). Figure 9a shows a representative TGA curve of a sample of the polymer obtained with catalyst 6 (tfb). No thermal decomposition was observed at temperatures below 200 ºC and only a slight weight lose (aprox. 4%) was detected. A sharp weight lose corresponding to thermal descomposition was observed above 250 ºC (onset on the decomposition step), what is in accordance with the TGA curves of other polyphenylacetylenes analyzed. 31 The DSC curves for the same polymer sample are illustrated in Figure 9b (three consecutive heating/cooling processes at 10ºC/min were recorded). An obvious exothermic peak was detected at around 150 ºC in the first heating run. As no thermal decomposition was observed in the TGA curve at this temperature range, this irreversible exothermic peak could be assigned to exothermic polymer reactions such as cis↔trans isomerization or the crosslinking of polymer chains. No peak or baseline jumps were observed in the following scans either in the heating or cooling processes. In order to study the origin of the exothermic peak, films of PPA were analyzed by FT-IR before and after heating at 150ºC (corresponding to the thermal event on DSC). The peak observed in the DSC is not due to cross-linking of the double carbon-carbon bonds because there is no modification on the main features of the absorptions at 1494-1440 cm -1 and 1605 cm -1 , assigned to stretching vibrations of aromatic rings and polyconjugated trisubstituted carbon-carbon double bonds, respectively. 32 However, the FT-IR spectrum of the PPA after heating showed a new absorption at 1265 cm -1 ( Figure 10 ). This band has been attributed to the vibrational C-C bond stretching in the trans chain, coupled with that of the C-H bond in the C=CH group. 33 This observation strongly supports a thermal-induced cis↔trans isomerization process.
34
The cis content of PPA can also be estimated from the intensity of the 740 and 760 cm -1 bands in the FT-IR spectrum. 35 As the absorption at 740 cm Jiménez 
Scheme 2
In order to ascertain the role of DMAP in this catalytic system the reactivity of compounds 5
(cod) and 6 (tfb) with DMAP was studied by NMR. The 31 P{ 1 H} NMR spectrum of a CD 2 Cl 2 solution of 6 after addition of 1 molar-equiv of DMAP at RT showed a broad resonance at δ 22.34
ppm that was resolved into a doublet at δ 24.37 ppm (J P-Rh = 176.7 Hz) at 213 K. 
Discussion
It is well established that polymerization of substituted phenylacetylenes catalyzed by rhodium complexes proceeds through an 2,1-insertion mechanism that usually produce stereoregular polymers with a a cis-transoidal structure, 37 which is in good agreement with the theoretical calculations based on model compounds. 38 On the other hand, it is thought that flexible ligands could enhance insertion reactions; in fact, Pollack et al. 39 have shown that the catalytic performance of diphosphine-palladium(II) complexes in PA polymerization is higher with diphosphines having a flexible backbone. In accordance with this, the flexibility imparted by the hemilabile functionalized phosphine ligands, that should favor the insertion process, could be probably responsible for the high catalytic activity of the complexes [Rh(diene){Ph 2 P(CH 2 ) n Z}] + . However, there is not an obvious correlation between the length of the flexible chain (n) or the donor group (Z), and the catalytic activity or the molecular weight of the obtained polymers ( The solvent plays a decisive role in the polymerization reactions. 40, 41 The catalytic activity of 5 is superior in toluene or in toluene/polar solvent mixtures but the polymers show bimodal molecular weight distributions. In contrast, the catalytic activity decreases when increasing the dielectric constant of the solvent but, interestingly, the polymers display unimodal GPC traces. THF presents an adequate balance between both factors since unimodal polymers were attained with good activities. It is worth mentioning that the same solvent effect on the catalytic activity has been observed in several systems based on rhodium-vinyl complexes. 18 Diene ligands strongly influence the catalytic activity in rhodium polymerization catalysts. In general, rhodium complexes with nbd as diene ligand were found to be more active than those of 27 This fact has been explained in terms of the different π-acidity of the diene ligands. Thus, the high π-acidity of tfb results in the reduction of the electronic density at the rhodium center enhancing its electrophilic character that, in turn, facilitates the coordination of the monomer. This reactivity pattern has also been found in the complexes [Rh(diene){Ph 2 P(CH 2 ) 3 NMe 2 }] + since 6 (tfb) and 7 (nbd) are far more active than 5 (cod).
Noteworthy, both complexes gave PPA with huge number-average molecular weights (M n ) of 970 000 (6, tfb) and 1 420 000 (7, nbd) under the same experimental conditions used for 5 (cod).
Futhermore, the addition of DMAP resulted in a dramatic drop in the PPA molecular weight, 106 000 (6, tfb) and 233 000 (7, nbd), as a consequence of the increase of initiation efficiency. In addition, the PPA obtained with the system 6/DMAP showed a narrow molecular weight that the proton transfer to DMAP is more effective. It is noticeable that catalytic systems based on rhodium complexes are, in general, tolerant with water. [40] [41] [42] We have found that the addition of water has a positive effect on the catalytic activity ( Figure 6 ) which can be rationalized in terms of a more facile proton transfer process but, at the same time, the termination step is also favored multiplying the number of different polymeric species giving broader GPC profiles.
Jiménez, Pérez-Torrente, Bartolomé, Vispe, Lahoz and Oro, manuscript for Macromolecules
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The propagating step in PA polymerization has been proposed to occur through two very different mechanisms: a metathesis mechanism via metal-carbene species, and an insertion mechanism via a metal-vinyl complex. 45 2 ]/DMAP, the no incorporation of isotopelabeled alkynyl fragment in the polymer ruled out the direct insertion of PA into the rhodiumalkynyl bond as initiation mechanism. On the other hand, the detection of 1,4-diphenylbuta-1,3-diyne, probably formed by oxidation addition of PA to a square-planar alkynyl compound followed by reduction elimination, strongly suggest the participation of a rhodium-hydride species in the generation of the active vinyl intermediates. Furthermore, the diyne is also involved into the deactivation of the catalyst via the formation of a rhodacyclopentadiene complex, which further support the participation of rhodium-hydride species. The formation of the alkynyl complex 8 from 5 and PA under catalytic conditions strongly suggests that the alkynyl ligand in 8 could have an active role in the initiation process. Although a possible initiation mechanism involving the oxidative addition of PA to compounds 5 or 8 can not be ruled out, 47 it has not considered because we have failed to observe any rhodium-hydride species and to detect the compound 1,4-diphenylbuta-1,3-diyne in the reaction mixture (GC/MS evidence).
The formation of a rhodium-vinyl propagating species from the alkynyl complex 8 having a protonated hemilabile ligand can follow several paths and some of them are shown in Scheme 4: i) direct insertion of the η 2 -coordinated monomer into the rhodium-alkynyl bond, ii) migration of the alkynyl ligand to the electrophillic α carbon of the vinylidene ligand resulting from the tautomerization of a η 2 -alkyne ligand, and iii) proton transfer from the NH group to the η 2 -coordinated monomer.
48
The three potential pathways have some precedent in the literature. The insertion of internal alkynes into a alkynyl-rhodium(I) complex have been proposed in the mechanism of rhodium-catalyzed hydroalkynylation of internal alkynes with silylacetylenes. 49 On the other hand, the formation of rhodium and ruthenium enynyl complexes by coupling of alkynyl and vinylidene C 2 fragments is well documented in stoichiometric reactions. 50, 51 Finally, vinyl-alkynyl-rhodium(III) species are also common in rhodium alkyne chemistry. 50, 52 However, pathway iii is unlikely to occur as it involves the participation of a vinyl-Rh(III) complex as propagating species. This is further supported for the coupling constant exhibited by the minor species at δ 18.01 ppm (J P-Rh = 143.7 Hz) in Figure 11 , that could be tentatively assigned to the active propagating species, which suggests a rhodium(I) species.
Interestingly the NH function of the protonated hemilabile ligand could also play an important role in the termination step (pathways i and ii) through the direct protonation of the vinyl propagating species or, alternatively, by protonation of the rhodium center followed by reductive elimination. In fact, we routinely isolate the PPA polymers free of any rhodium species ( 31 P NMR evidence) without the need of diluted acetic acid solutions to quench the polymerization.
Scheme 4 Conclusions
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The present study has shown that rhodium complexes [Rh(diene){Ph 2 P(CH 2 ) n Z}] + containing functionalized phosphine ligands of hemilabile character of the type Ph 2 P(CH 2 ) n Z (Z = OMe, [ [ ) were carried out with analogous strategies to those previously reported. 58 In 5 the BF 4 anion and a THF molecule exhibited static disorder; full details on the established disorder model are described in the supplementary material. Cationic rhodium(I) complexes containing hemilabile functionalized phosphine ligands of the type Ph 2 P(CH 2 ) n Z (Z = OMe, NMe 2 , SMe; n = 2, 3) showed a great activity for the stereoregular phenylacetylene (PA) polymerization. The complexes [Rh(diene){Ph 2 P(CH 2 ) 3 NMe 2 }] + (diene = nbd and tfb) afforded very high molecular weight PPA with moderate polydispersity indexes. In contrast, both catalysts gave low molecular weight PPA in the presence of DMAP (4-(dimethylamino)pyridine) as co-catalyst. Noteworthy, the catalyst with tfb ligand was found to perform PA polymerization almost in a living manner.
